One of many physiological adjustments in quiescent cells is spatial regulation of specific proteins and RNA important for the entry to or exit from the stationary phase. By examining the localization of epigenetic-related proteins in Saccharomyces cerevisiae, we observed the formation of a reversible cytosolic "stationary-phase granule" (SPG) by Hos2, a nuclear histone deacetylase. In the stationary phase, hos2 mutants display reduced viability. Additionally, they exhibit a significant delay when recovering from stationary phase. Hos2 SPGs also contained Hst2, a Sir2 homologue, and several stress-related proteins, including Set3, Yca1, Hsp26, Hsp42, and some known components of stress granules. However, Hos2 SPG formation does not depend on the formation of stress granules or processing bodies. The absence or presence of glucose is sufficient to trigger assembly or disassembly of Hos2 SPGs. Among the identified components of Hos2 SPGs, Hsp42 is the first and last member observed in the Hos2 SPG assembly and disassembly processes. Hsp42 is also vital for the relocalization of the other components to Hos2 SPGs, suggesting that Hsp42 plays a central role in spatial regulation of proteins in quiescent cells.
INTRODUCTION
Many microorganisms live under constant nutrient-limited conditions in the natural environment. When confronting such harsh circumstances, cells often become quiescent (Werner-Washburne et al., 1993) . Although the quiescent state allows cells to survive in the short term, these cells will gradually lose their viability if the adverse conditions continue for a prolonged period of time, a process called chronological aging, which is distinct from the replicative aging observed in dividing cells in a nutrient-rich environment (Bitterman et al., 2003; Kaeberlein, 2010) .
In the absence of nutrients, stationary-phase cells are maintained in a metabolically active, highly regulated, prosurvival state. In spite of their importance, the molecular mechanisms underlying physiological changes in quiescent cells are not fully understood. Yeast cells provide a good model for studying quiescence (MacLean et al., 2001; Gray et al., 2004; Kaeberlein, 2010) . Log-phase yeast cells enter the diauxic shift when glucose is exhausted, and their metabolic activity is adjusted from fermentation to respiration. After nonfermentable carbon sources are exhausted, cells will progress through one to two divisions in a couple of days and eventually enter the stationary phase (Gray et al., 2004) . Apart from ceasing cell growth and division, these quiescent yeast cells differ from proliferating cells in many aspects: they have more condensed chromosomes, drastically reduced transcription and translation rates, repressed mRNA degradation, thickened and less-permeable cell but not HSP26, completely abolished the formation of Hos2 SPGs and starvation stress granules, indicating the essential role of Hsp42 in spatial regulation of specific proteins in quiescent cells.
RESULTS

Widespread reorganization of proteins into cytoplasmic granules in stationary-phase yeast cells
A previous study has shown that many cytosolic proteins change their localization once yeast cells enter the stationary phase (Narayanaswamy et al., 2009) . To better understand whether epigenetic-related proteins are also under spatial regulation in quiescent cells, we monitored the subcellular localizations of 20 nuclear and cytoplasmic green fluorescent protein (GFP)-fusion proteins over a 4-wk time period (Huh et al., 2003) . These proteins comprised six histone deacetylases (Hda1, Hos2, Hst1, Hst2, Rpd3, and Sir2), two histone methyltransferases (Sds3 and Set2), four Sir2-interacting proteins (Net1, Rap1, Sir3, and Yku80), two nuclear pore complexassociated proteins (Nup49 and Mlp1), a histone protein (Htb1), an RNA polymerase II subunit (Rox3), a mitochondrial protein (Sod2), and three abundant cytosolic proteins (Sod1, Tdh2, and Yca1).
Most proteins we investigated changed their localization and formed cytoplasmic granules (SPGs), in quiescent cells. This result suggests that formation of cytoplasmic granules is a common behavior for proteins in quiescent yeast cells. These 20 proteins were divided into four groups according to their localization patterns during the progression of granule formation (summarized in Supplemental Table S1 and Figure S1 ). Different dynamics and morphologies between these granules suggest that they are probably distinct protein assemblies.
Hos2 proteins, but not all Set3/Hos2 complex components, relocalize into SPGs upon entry into quiescence
Previous studies have shown that the expression level of HOS2 is upregulated in cells during diauxic shift, early stationary phase, and certain stresses (DeRisi et al., 1997; Gasch et al., 2000) . We decided to further investigate the function of the Hos2 SPGs in stationary phase (a group I SPG in Supplemental Table S1 ). The histone deacetylase Hos2 is an essential component of the Set3/Hos2 complex, which is involved in meiotic gene repression and is also required for the activation of many genes (Pijnappel et al., 2001; Wang et al., 2002) . In log-phase cells, Hos2 is diffused in the nucleus ( Figure 1A , top panels). As cells entered stationary phase, usually one or a few bright granules were visible in the cytoplasm, with only small amounts of Hos2 still remaining in the nucleus ( Figure 1A , bottom panels). The proportion of cells displaying normal nuclear diffusion of Hos2 dramatically decreased after 7 d of growth, and the percentage of cells with diffuse cytoplasmic patches gradually increased at later time points ( Figure 1B) .
Two experiments were conducted to ensure that our observations represented the behavior of wild-type Hos2 protein. First, we tested whether the Hos2-GFP protein could rescue the hypersensitivity of hos2 mutants to secretory stress when grown on a tunicamycin-containing plate (Cohen et al., 2008) . We observed that hos2 cells carrying the HOS2-GFP construct were as resistant to tunicamycin as wild-type cells, indicating that the Hos2-GFP protein is functional. Next we fused the Hos2 protein with a 13×Myc tag and examined the protein localization using immunostaining. A similar localization pattern was observed, indicating that our previous data were not due to a GFP-specific artifact ( Figure S2 ).
To determine whether other components of the Set3/Hos2 complex were relocalized to the same SPGs, stationary-phase cells coexpressing Hos2-mCherry with Cpr1-, Hos4-, Set3-, Sif2-, or Snt1-GFP walls, and higher resistance to a variety of stresses, such as heat shock and starvation (Werner-Washburne et al., 1993) . In higher organisms, chronological aging occurs in postmitotic cells, such as muscle and brain cells. Studies of nondividing quiescent yeast cells may also provide insights into chronological aging in higher organisms (MacLean et al., 2001; Martinez et al., 2004; Chen et al., 2005; Fabrizio et al., 2010) .
Changing the subcellular distribution of proteins to achieve efficient protein interactions or intracellular activities is one of many physiological adjustments that occur when cells encounter environmental changes. Spatial regulation of proteins can be revealed by the formation of dynamic and functional assemblies under specific conditions. Stress granules and processing bodies (P-bodies) are two well-characterized cytoplasmic RNA granules in eukaryotic cells; the assembly of the former is induced by various stresses, including heat shock, starvation, ultraviolet irradiation, and oxidative stress, while the latter can also be observed in nonstressed cells (Anderson and Kedersha, 2009; Buchan and Parker, 2009; Thomas et al., 2011) . Although both stress granules and P-bodies contain nontranslated mRNA and share some protein components, these two structures essentially have different constitutions and are likely to have different functions (Anderson and Kedersha, 2009; Buchan and Parker, 2009; Thomas et al., 2011) . On the other hand, studies have shown that these assemblies interact with one another and that the formation of stress granules may depend on P-bodies under certain conditions (Anderson and Kedersha, 2008; Buchan et al., 2008) .
The dynamic localization of cellular proteins and the formation of a subcellular architecture have also been observed in quiescent yeast cells (Narayanaswamy et al., 2009) . During stationary phase, polarized actin cables and patches change their organizations into reversible granule-like structures called actin bodies (Sagot et al., 2006) , and the nuclear proteasomes move to the nuclear periphery and subsequently form cytoplasmic proteasome storage granules (Laporte et al., 2008) . Both structures readily disassemble when nutrients become available, suggesting that the formation of these structures is regulated.
In addition to forming granules, cells in nutrient-deprived environments undergo extensive changes in gene expression (Choder, 1991; Gasch et al., 2000; Gray et al., 2004; Ge et al., 2010) . Epigenetic regulators are probably involved in this process. Recently, many proteins involved in epigenetic regulation have been found to affect replicative aging (Haigis and Guarente, 2006) . In budding yeast, activation of the histone deacetylase Sir2 or the Sir2 homologues, Hst1 and Hst2, extends the life span (Guarente, 2000; Lamming et al., 2005) , whereas activation of another histone deacetylase, Rpd3, has the opposite effect (Kim et al., 1999) . However, research about the connection between epigenetics and chronological aging is still limited (Sandmeier et al., 2002; Camblong et al., 2007) .
To better understand whether epigenetic-related proteins are also under spatial regulation in quiescent cells, we examined the localization of many epigenetic-related proteins at different stages of yeast cell growth. We observed that the formation of reversible cytoplasmic assemblies, which we named "stationary-phase granules" (SPGs), was a widespread phenomenon in quiescent cells. We show that one subset of these granules that contain the nuclear histone deacetylase Hos2 (Hos2 SPGs) plays an important role in stationary-phase cells. Haploid hos2 mutant cells lost their viability quickly in stationary phase, and the surviving cells took longer to exit from stationary phase. The Hos2 SPGs colocalized with starvation stress granules but not with actin bodies or proteasome storage granules. However, the formation of Hos2 SPGs was not affected by mutations interfering with the formation of stress granules or P-bodies. Deletion of HSP42, maintained a high degree of viability. However, the cell viability in hos2 mutant cells was dramatically reduced after 24 d in YPD medium ( Figure 2A ). The loss of viability was not simply due to acidification of the medium, as a constant pH was maintained throughout the 4-wk period (Burtner et al., 2009 ). fusion proteins were examined following growth in yeast-peptonedextrose (YPD) medium for 1 wk ( Figure S3 ). Both Set3-GFP and Sif2-GFP reorganized into SPGs upon entry into quiescence, and a proportion of these SPGs colocalized with Hos2 SPGs (61% of Set3-GFP dots and 74% of Sif2-GFP dots, n = 81-87). In contrast, Hos4-GFP, Snt1-GFP, and Cpr1-GFP formed dots occasionally but did not colocalize with Hos2 SPGs. We also examined the formation of Hos2 SPGs in set3∆ mutant cells in which the Set3/Hos2 complex is defective. Deletion of SET3 did not affect Hos2 SPG formation, suggesting that the assembly of Hos2 SPGs is distinct from the Set3/Hos2 complex.
A hos2 mutation affects cell viability and exit from stationary phase in quiescent cells
The Hos2 protein has been shown to function as a meiosis-specific repressor and an essential component of the secretory stress response (Pijnappel et al., 2001; Cohen et al., 2008) . However, its role in cells during stationary phase is unknown. To address this question, we used in vivo time-lapse imaging to test whether a hos2 mutation would affect the survival or recovery of quiescent cells. Haploid wild-type and hos2 mutant cells were cultured in YPD medium for 4 wk. During this period, cells were collected at different time points and their recovery from stationary phase to log phase was examined (see Materials and Methods for details). At the early time points (7 and 13 d), both wild-type and hos2 mutant cells FIGURE 2: Hos2 is important for cell viability and growth recovery in stationary-phase cells. Stationary-phase cell cultures were diluted in fresh YPD, and cell growth was monitored using time-lapse microscopy. (A) hos2 mutant cells exhibited lower viability after 24 d in stationary phase. Cells were monitored for 6 h after refeeding with nutrients, and only rebudding cells were counted as viable. At least 100 cells were counted for each experiment. Data represent the mean ± SEM of three biological replicates. (B) hos2 mutant cells resume mitosis more slowly after 13 d in stationary phase. The first rebudding time of each viable cell was recorded, and data from three independent biological repeats were pooled to generate the histograms. At least 200 cells were counted in each sample, except for the hos2 deletion strain in week 4 (n = 84). p values were calculated using the Mann-Whitney test.
colocalized with Hst2-GFP (95 ± 5%, n = 194) and Yca1-GFP (91 ± 7%, n = 158; Figure 3 , A and B). On the other hand, when we examined the Sir2 SPG, a cytoplasmic granule from another group (group II in Table S1 ), no significant colocalization with Hos2 SPGs or Yca1 SPGs was observed ( Figure S4 ). These results suggest these proteins do not assemble by chance, and components of specific granules might be invariant.
Hos2 SPG in quiescent cells is a reversible structure
We next asked whether the SPGs in quiescent yeast cells are simply aggregates or specific, regulated structures. If the SPGs are formed by impaired or denatured proteins, it is unlikely that these proteins will be relocalized back to the nucleus when cells resume mitosis. On the other hand, a reversible granule suggests specific functions in quiescence. To clarify this issue, we monitored the localization of Hos2-GFP during the recovery process of 1-wk cells. After refeeding with nutrients, most Hos2 SPGs quickly dissolved, and the characteristic pattern of log-phase cells could be observed within 40 min ( Figure 4A ). Interestingly, no cells with Hos2 SPGs showed signs of rebudding, suggesting that disassembly of Hos2 SPGs may be crucial for cells to reenter mitosis.
In 1-wk cells, more than 60% of cellular Hos2 protein was found in cytoplasmic SPGs. By contrast, Hos2 protein was nearly exclusively restricted to the nucleus after 2 h of replenishment with nutrients ( Figures 4B  and S5 ). In addition, Hos2 SPGs could be detected in over 95% of 1-wk cells. After 2-h refeeding, the percentage of cells containing Hos2 SPGs was drastically reduced to ∼20% ( Figure 4C ). In those cells that still contained Hos2 SPGs, the size and intensity of the granules were significantly decreased. We also measured the total amount of Hos2 in recovering cells. No obvious change was detected during the process of recovery, suggesting the Hos2 protein in SPGs was not degraded, but rather was redistributed from SPGs to the nucleus ( Figure 4D ).
When 2-wk cells were examined, we found that Hos2 SPGs took longer to disassemble in the recovering cells, which was consistent with our observation that older cells had a longer delay in reentering mitosis ( Figure 2B ). In the recovery experiments, we also monitored the other Hos2 SPG components, Hst2 and Yca1. Both proteins showed patterns similar to those of Hos2 (unpublished data).
Protein synthesis is not required for Hos2 SPG disassembly
To determine whether the recovered proteins were preexisting or newly synthesized, we transferred 1-wk cells into fresh medium in the presence of cycloheximide, an inhibitor of protein synthesis. After 2 h, Hos2 redistributed into the nucleus in nearly 40% of cells, indicating that nuclear Hos2 protein in the recovering cells
We also analyzed the recovery process by determining the time required for cells to reenter the mitotic cell cycle after nutrient addition. In contrast to the viability assay, a significant difference between wild-type and hos2 mutant cells was detected in the 13-d samples (Mann-Whitney test, p < 0.01). The quiescent hos2 mutant cells took longer to reenter mitosis, and the delay increased as the cells aged ( Figure 2B ). We always observed two distribution patterns in the time of recovery, implying that the cell population was composed of two types of quiescent cells in stationary phase.
Hst2 and Yca1 colocalize with Hos2 SPGs during stationary phase
In our protein localization analyses, both Hst2-GFP and Yca1-GFP exhibited patterns similar to those of Hos2-GFP, suggesting they share similar characteristics during granule formation. This observation prompted us to investigate the possible association of Hos2 SPGs with either Hst2 or Yca1 protein. In 1-wk-old, nutrientdeprived cells containing Hos2 SPGs (1-wk cells), most Hos2 SPGs FIGURE 3: Hos2 SPGs colocalize with Hst2 and Yca1, but not with actin bodies and proteasome storage granules. (A and B) Hos2-mCherry colocalizes with Hst2-GFP (95 ± 5%, n = 194) and Yca1-GFP (91 ± 7%, n = 158) in stationary-phase cells. (C) Actin bodies are often partially colocalized with or adjacent to Hos2 SPGs (indicated by white arrowheads; 46 ± 17%, n = 81). Stationary-phase cells expressing Hos2-GFP were fixed and stained with Texas Red-X phalloidin to detect actin bodies. (D) Hos2 SPGs do not colocalize with proteasome storage granules (Scl1-GFP). The numbers in parentheses represent the mean ± SD of the proportion of total Hos2 dots that colocalize with (or partially colocalize with or are adjacent to, as seen in (C)) the other proteins in three biological replicates. Scale bars: 5 μm.
was not newly synthesized (Figure 4, C and D) . Furthermore, even in the presence of cycloheximide, only a small proportion of cells still contained Hos2 SPGs, suggesting that disassembly of these granules was translation-independent. However, unlike the typical nuclear diffusion observed in cells without cycloheximide treatment, Hos2 molecules in many drug-treated cells (56%) remained in the cytosol without a significant change in total protein quantity. It is therefore likely that interference with protein translation leads to inefficient translocation of proteins back into the nucleus.
Glucose is a critical factor determining assembly and disassembly of Hos2 SPGs A previous study showed that metabolic status controls the entry into and exit from the quiescent state (Laporte et al., 2011) . To understand which nutrients or chemicals trigger assembly of Hos2 SPGs, log-phase cells were resuspended in conditioned medium (from 2-wk cultures), yeast-peptone medium (YEP, rich medium but lacking any carbon source), H 2 O, or H 2 O plus 2% glucose. Cells were able to form Hos2 SPGs in the conditioned medium, YEP, or H 2 O, but not in H 2 O plus 2% glucose ( Figure 5A ). These results suggest that depletion of glucose is sufficient to induce the Hos2 SPG formation. Nonetheless, the kinetics of Hos2 SPG formation in different conditions is not exactly the same, suggesting that some other factors also may be involved. We also tested the effect of glucose on disassembly of Hos2 SPGs. Stationary-phase cells were resuspended in H 2 O plus 2% glucose, complete synthetic medium (CSM), and CSM-glucose, and the Hos2 SPGs were monitored. Hos2 SPGs quickly disassembled within 1 h of suspension in H 2 O plus 2% glucose or CSM, but did not disassemble in CSM-glucose ( Figure 5B ). Altogether, our results indicate that glucose is a critical factor for assembly or disassembly of Hos2 SPGs.
Hos2 SPGs do not colocalize with actin bodies or proteasome storage granules
The actin cytoskeleton is central for intracellular protein localization. F-actin and several actin-binding proteins have been found to assemble into cytoplasmic structures called actin bodies in quiescent cells (Sagot et al., 2006) . Actin localization during stationary phase was examined in cells expressing Hos2-GFP. We found that Hos2 SPGs did not colocalize with actin bodies but that many Hos2 SPGs (46 ± 17%, n = 81) partially overlapped with or were located adjacent to actin bodies ( Figure 3C ). Similar results were obtained for Hst2 and Yca1, but not for Scl1 (10 ± 6%, n = 342), a component of proteasome storage granules, or Edc3 (9 ± 3%, n = 370), a component of P-bodies. Figure S5 for details), and the ratios between these two intensities are shown. Error bars represent SD. (C) Frequency of cells that have different Hos2-GFP localization patterns before and after recovery from stationary phase. Stationaryphase cells were preincubated with (R2h + CYH) or without (R2h) cycloheximide for 1 h, washed, resuspended in fresh YPD medium with (R2h + CYH) or without (R2h) cycloheximide for 2 h, and then at least 100 cells were analyzed in each experiment. Data represent the mean ± SD of three biological replicates. (D) Hos2 is not degraded during disassembly of Hos2 SPGs. One-week stationary-phase cells carrying 3×HA-tagged Hos2 were resuspended in fresh medium and collected at different time points with or without cycloheximide (35 μg/ml). Protein lysates were hybridized with antibodies against HA or G6PDH. Relative ratios of Hos2/G6PDH intensity are shown. The signal intensity of the Western blot was quantified; all the ratios were normalized to the ratio of the 0 min sample. One example of the Western blot is shown. Data represent the mean ± SEM of three biological replicates.
Heat-shock proteins Hsp26 and Hsp42 colocalize with Hos2 SPGs in quiescent cells Molecular chaperones are essential for the assembly and maintenance of many multiprotein complexes (Ellis and Minton, 2006; Dezwaan and Freeman, 2008; Gong et al., 2009) . Previous studies have shown that the expression levels of two small heat-shock proteins, Hsp26 and Hsp42, are highly induced in stationary phase (DeRisi et al., 1997; Gasch et al., 2000) . Thus we decided to examine whether these two chaperones play a role in the formation of Hos2 SPGs. In log-phase cells, both Hsp26 and Hsp42 proteins diffused in the cytosol. On entry into stationary phase, these proteins aggregated into one or a few bright dots. When protein localization was examined in cells expressing both Hos2-mCherry and Hsp26-GFP or Hsp42-GFP, we observed that Hos2 SPGs were highly colocalized with Hsp26 (90 ± 8%, n = 500) and Hsp42 (99 ± 1%, n = 1053; Figure 8, A and B) . This result suggests that both Hsp26 and Hsp42 participate in the formation of Hos2 SPGs.
We subsequently compared the time course of Hos2 SPG formation in cells collected during a 1-wk interval. The proportion of cells exhibiting Hsp26 or Hsp42 dots increased rapidly within the first 3 d of culturing ( Figure 8, A and B) . In particular, the percentage of cells with Hsp42 dots was nearly identical at 2 d and at 1 wk, indicating that almost all Hsp42 observed in 1-wk cells had already formed within the first 2 d. In contrast to the Hsp26 and Hsp42 signals, which escalated rapidly, Hos2 SPGs formed slowly during the first 2 d of growth; however, formation of Hos2 SPGs significantly increased afterward (Figure 8, A and B) . These data reveal that Hsp26 and Hsp42 assemble into SPGs before Hos2 during stationary phase.
Next we examined the behavior of Hsp26 and Hsp42 proteins during cell recovery. After 1-wk cells were provided with nutrients, Hsp26 dots gradually disappeared within 100 min, with a rate similar to that of the disappearance of Hos2 dots ( Figure 8C ). In contrast, most of the Hsp42 signal was sustained for the duration of the 120-min recovery time (during which more than 50% of cells rebudded; Figure 8D ). Although cells did not rebud until Hos2 had fully relocated, the onset of rebudding did not require the disassembly of the Hsp42 granules. Overall, Hsp26 and Hsp42 granules assembled earlier and disassembled later than Hos2 SPGs, raising the possibility that these two chaperones might serve as scaffolding proteins in the assembly of Hos2 SPGs.
Formation of Hos2 SPGs and stress granules during stationary phase is Hsp42-dependent
The localization pattern of Hsp26 and Hsp42 prompted us to investigate the effect of these two chaperones on the formation of Hos2 SPGs. As shown in Figure 9A , hsp26∆ cells exhibited no defects in Hos2 SPG formation. In contrast, Hos2 relocalized from the nucleus to the cytoplasm in hsp42 mutant cells, but was unable to assemble into typical SPGs during stationary phase ( Figure 9B) . The proportion of quiescent cells possessing detectable cytoplasmic Hos2 SPGs was reduced from 88 ± 8% in wild-type cells to 10 ± 2% in hsp42∆ cells ( Figure 9C ). Even though some dot-like structures could still be observed in a minority of hsp42∆ cells, their average Proteasomes in yeast are also known to reorganize during the stationary phase into cytoplasmic structures called proteasome storage granules (Laporte et al., 2008) . We found that Hos2 did not colocalize with Scl1, indicating that Hos2 SPGs and proteasome storage granules are distinct structures ( Figure 3D ).
Hos2 proteins colocalize with stress granules during stationary phase but not under heat-shock conditions It has been reported that the formation of P-bodies and stress granules is triggered by entry into stationary phase in yeast cells (Teixeira et al., 2005; Brengues and Parker, 2007) . We therefore tested whether there was any interaction between Hos2 SPGs and these two structures. Our results showed that Edc3, a central component of P-bodies, did not colocalize with the Hos2 SPG in 1-wk cells. However, we also observed that a proportion of Hos2 SPGs were adjacent to the Edc3 signal (38 ± 7%, n = 329), implying an interaction between these two types of granules ( Figures  6A and S6) . By contrast, Hos2 SPGs colocalized with the components of stress granules ( Figure 6B ), Pab1 (86 ± 6%, n = 204), Pbp1 (99 ± 1%, n = 202), and Ygr250c (96 ± 2%, n = 219). The formation of stress granules is greatly reduced in pbp1 mutant cells (Buchan et al., 2008) . However, we found that deletion of PBP1 did not affect the formation of Hos2 SPGs in quiescent cells ( Figure 7A) .
Many other stresses, including heat shock, are known to induce the formation of stress granules (Buchan and Parker, 2009 ). To clarify whether Hos2 also relocalizes into stress granules upon heat shock, we incubated log-phase cells at 37°C or 46°C. No alteration in the localization of Hos2 was observed at 37°C for up to 2 h. On the other hand, robust heat shock at 46°C induced the formation of cytoplasmic punctate foci of Hos2 within 15 min ( Figure 6C ). The pattern of these punctate foci was different from that observed during quiescence, as they consisted of a larger number of tiny foci scattered in the cytoplasm, rather than one to two large, bright dots. Although heat shock-induced stress granules also display a punctate pattern (Grousl et al., 2009) , there was no apparent colocalization between these two types of foci ( Figure 6C) . These results suggest that Hos2 SPGs (and starvation stress granules) have distinct structures from previously characterized heat shock-induced stress granules. granules using Scl1-GFP-expressing cells. As shown in Figure 7C , deletion of HSP42 did not cause any defect in the formation of proteasome storage granules in quiescence. Our results indicate that the small heat-shock protein Hsp42 plays a central and specific role in Hos2 SPG assembly.
Finally, we asked whether deletion of HOS2 would affect the formation of SPGs or P-bodies. In hos2 mutant cells, we did not observe any obvious defect in the formation of Hsp42, Hsp26, Pbp1, Pab1, and Dcp2 dots ( Figure S7 ). Nonetheless, it remains possible that Hos2 has some subtle effects on these structures that cannot be detected by our current assays.
DISCUSSION
Spatial regulation of proteins in quiescent cells
Our study shows a widespread reorganization of nuclear and cytoplasmic proteins into various cytoplasmic SPGs in quiescent yeast cells, indicating a unique pattern of spatial and temporal regulation. Although it is well known that mitotic cells have evolved precise spatial regulation of many proteins, the spatial aspects of quiescence are underappreciated. Several previous studies have reported similar phenomena in yeast and bacteria (Wilkinson et al., 1998; Patel et al., 2004; Sagot et al., 2006; Laporte et al., 2008; Narayanaswamy et al., 2009; Tudisca et al., 2010) . Cytoplasmic structures, such as stress granules or P-bodies, are also observed in a wide range of eukaryotic cells (Buchan and Parker, 2009) . It is possible that some of these SPGs performing specific functions in quiescent cells are conserved structures in different organisms.
It is surprising to observe that many nuclear proteins accumulate in cytoplasmic SPGs. Quiescent yeast cells have a reduced overall transcriptional activity and condensed chromosomes. The nucleus probably undergoes a certain level of "shutdown" to conserve size and fluorescence intensity were reduced when compared with wild-type cells ( Figure 9C ). In hsp42∆ cells, Yca1 also failed to reorganize into SPGs during stationary phase ( Figure 7B ). Only 16 ± 7% of quiescent mutant cells had detectable Yca1 SPGs, in contrast to 65 ± 7% of wild-type cells. Again, the dot size and dot intensity of Yca1-GFP were reduced.
The above data, together with our prior results showing colocalization of stress granules and Hos2 SPGs in stationary-phase cells, led us to question whether Hsp42 is also critical for the assembly of starvation stress granules. We observed that Pab1 failed to assemble into granules in most hsp42∆ quiescent cells (Figure 9, B and D) . In the few cells that contained visible stress granules, both the dot size and dot intensity were largely decreased ( Figure 9D ), similar to those seen in Hos2 SPGs.
To examine whether Hsp42 is required for the formation of other types of SPGs, we checked for the formation of proteasome storage FIGURE 6: Hos2 SPGs do not colocalize with P-bodies but colocalize with stress granules during stationary phase. (A) Hos2 SPGs do not colocalize with P-bodies (Edc3-GFP), but a proportion of Hos2 SPGs (38 ± 7%, n = 329) are interacting with Edc3 dots (white arrowhead). (B) Hos2-mCherry colocalizes with the components of stress granules, Pab1-GFP (86 ± 6%, n = 204), Pbp1-GFP (99 ± 1%, n = 202), and Ygr250c-GFP (96 ± 2%, n = 219). Additional small dots of Hos2, Pbp1, and Pab1 are occasionally found in some cells (red and green arrowheads). Ygr250c normally forms two dots, one of which colocalizes with Hos2 SPGs. The numbers in parentheses represent the mean ± SD of the proportion of total Hos2 dots that colocalize with the other proteins in three biological replicates. (C) Heat shock-induced stress granules are morphologically distinct from those formed during stationary phase and do not colocalize with Hos2 foci. Scale bars: 2 μm. 
Assembly and disassembly of Hos2 SPGs
The cytoplasm is a very crowded environment, consisting of many soluble and insoluble proteins, RNA species, and other macromole cules (Minton, 2001) . Environmental stresses may result in an even more congested state, causing proteins to aggregate spontaneously (Ellis and Minton, 2006) . We argue that the formation of Hos2 SPGs does not simply result from nonspecific protein aggregation. First, Hos2 SPGs are reversible structures that disassemble immediately when nutrients are replenished. Protein aggregation usually cannot be reversed in such a manner (Narayanaswamy et al., 2009; Thomas et al., 2011) . Second, the assembly and disassembly of Hos2 SPGs are regulated by the presence of glucose and also exhibit specific kinetics and patterns, both of which are not common characteristics of nonspecific protein aggregation Erickson and Lykke-Andersen, 2011) . Third, we observed that Hos2 SPGs colocalize only with starvation stress granules, but not with other previously identified granule-like structures. It is likely that Hos2 SPGs share some structures (and functions) with stress granules, even though their components do not overlap exactly.
Molecular chaperones are known to be involved in many protein-folding processes (Sakahira et al., 2002; Gong et al., 2009 ). However, their assisting role in assembling folded proteins into functional oligomeric structures is less well studied (Ellis, 2006) . In this paper, we demonstrated that deletion of the molecular chaperone Hsp42 dramatically reduced the formation of Hos2 SPGs (and starvation stress granules). How does Hsp42 function in the formation of these granules? Small heat-shock proteins, such as Hsp42 and Hsp26, assemble into remarkably versatile dynamic oligomers with diverse subunit numbers and architectures (Haslbeck et al., 2005; Sun and MacRae, 2005) . One can imagine that the chaperone activity of Hsp42 may merely function to facilitate the assembly of Hos2 SPGs. However, the specific kinetics and colocalization pattern of Hsp42 and Hos2 and the strong dependence of Hos2 SPG formation on Hsp42 suggest a more direct role for Hsp42.
We speculate that Hsp42 may function as a scaffolding molecule that promotes protein-protein interactions (Eyles and Gierasch, 2010; Stengel et al., 2010) . Under this hypothesis, the stationary phase induces the remodeling of Hsp42 oligomeric architectures; small Hsp42 oligomers reorganize to form larger oligomers and further agglomerate into Hos2 SPGs. Binding to clients (i.e., early recruited proteins, such as Hsp26) can facilitate the formation of this complex. We propose that the chaperone activities of Hsp42 and Hsp26 ensure the fidelity of the assembly process by preventing improper interactions and providing protection for the constitutive energy in quiescence (Choder, 1991; Gasch et al., 2000; Gray et al., 2004; Ge et al., 2010) . It is possible that quiescent cells sequester some transcription factors and other nuclear proteins with diverse activities in cytoplasmic compartments to provide a means for quick response to environmental changes. Alternatively, the export and subsequent cytoplasmic sequestration of unnecessary nuclear proteins may provide a means to maintain nuclear integrity when the nucleus encounters hostile conditions.
In quiescent yeast cells, the compartmentalization process of nuclear proteins is highly ordered. Newly formed SPGs are generally juxtaposed with the nucleus, while they move farther away from the nucleus in later stages. This finding implies that during stationary phase, nuclear proteins pass through the nuclear envelope and immediately form assemblies instead of diffusing freely in the cytoplasm. Likewise, SPGs move to the vicinity of the nucleus prior to disassembly, which may accelerate redistribution of proteins.
FIGURE 8: Hsp26 and Hsp42 colocalize with Hos2 SPGs. Cells expressing Hos2-mCherry and Hsp42-GFP or Hsp26-GFP were grown to different stages, and the kinetics of SPG assembly and disassembly were analyzed. (A and B) Both Hsp42-GFP (99 ± 1%, n = 1053) and Hsp26-GFP (90 ± 8%, n = 500) colocalize with Hos2-mCherry in stationary-phase cells. Hsp42 and Hsp26 form SPGs earlier than Hos2-mCherry (n = 78-305). Data represent the mean ± SD of three biological replicates. Scale bars: 1 μm. (C and D) Hos2 protein is released earlier from SPGs than Hsp26 and Hsp42 proteins upon nutrient replenishment. Far left, time-lapse images of cells recovering from stationary phase. Both Hos2-mCherry and Hsp26-GFP dots disappear within 100 min (n = 72), but most Hsp42-GFP dots remain unchanged (n = 136). Far right, quantitative analyses of time-lapse images. Data represent the mean ± SD of two biological replicates. White arrowheads indicate emerging buds. Scale bars: 2 μm. (C) hsp42∆ cells display a severe defect in the formation of Hos2 SPGs. Left, most hsp42∆ cells do not form Hos2 SPGs (hsp42∆, n = 253, two experiments; WT, n = 235, two experiments). Right, dot-like structures of Hos2 that formed in hsp42∆ cells are drastically reduced in size and intensity (arbitrary units; hsp42∆, n = 50, two experiments; WT, n = 164, two experiments). Each data point represents a measurement from a single cell. (D) hsp42∆ cells also display a severe defect in the formation of stationary-phase stress granules (Pab1-GFP). Left, most hsp42∆ cells do not form stress granules (hsp42∆, n = 649, two experiments; WT, n = 401, two experiments). Right, dot-like structures of Pab1 that formed in hsp42∆ cells are drastically reduced in size and intensity (hsp42∆, n = 76, two experiments; WT, n = 60, two experiments). Scale bars: 2 μm. proteins. Interestingly, Hsp42 has been shown to interact with some potential stress granule or P-body components, such as Lsm12, Mkt1, and Sgt2 in previous large-scale studies (Gavin et al., 2006; Collins et al., 2007; Costanzo et al., 2010) .
Many heat-shock proteins have been proposed as actors in the formation of stress granules (Cuesta et al., 2000; Gilks et al., 2004; Suzuki et al., 2009) . It is likely that a sophisticated chaperone network coordinates the formation of different granules under various stresses. Moreover, since Hsp26 and Hsp42 are exclusively present in Hos2 SPGs, it will be interesting to see whether other granule-like structures utilize different sets of chaperones in their assemblies.
Functions of Hos2 SPGs
The negative correlation between the presence of Hos2 SPGs and cell rebudding suggests a specific role for Hos2 SPGs in the regulation of quiescence. We observed that deletion of HOS2 reduced the viability and delayed the recovery of quiescent cells. Evidence from other studies also indicates that other components of Hos2 SPGs are critical for stationary-phase cells. A large-scale screen found that deletion of SET3 or SIF2 shortens the chronological life span of mu-tant cells (Powers et al., 2006) . The viability of aged stationary-phase cultures is compromised when Yca1 is mutated (Herker et al., 2004) . Mutations in Hsp26 or Hsp42 cause accelerated aging phenotypes in early stationary-phase yeast cells (Haslbeck et al., 2004) . During entry to, maintenance of, and exit from quiescence, cells may require wholesale reprogramming of regulatory networks and remodeling of intracellular structures (Gray et al., 2004) . It is possible that the Hos2 deacetylase activity is involved in one or multiple steps during quiescence regulation.
How is the formation of Hos2 SPGs correlated to the structural and functional adaptations of quiescent cells? Hos2 SPGs may serve as temporary depositories for the storage of proteins under harsh conditions, as has been suggested for actin bodies, assemblies of metabolic enzymes, and proteasome storage granules (Sagot et al., 2006; Laporte et al., 2008; Narayanaswamy et al., 2009) . When the stresses are relieved, the stored proteins can be released and readily perform their functions, accelerating the exit from quiescence and return to proliferation.
To cope with starvation, nonselective autophagy is activated in yeast cells (Cebollero and Reggiori, 2009; Nakatogawa et al., 2009) . A protective mechanism that can prevent cells from degrading proteins vital for stress response or quiescence exit is important. Indirect evidence from a previous study shows that cytoplasmic protein granules are not designated to undergo autophagy (Narayanaswamy et al., 2009 ), suggesting that these granules formed in quiescence are shelters from autophagic degradation. In agreement with this study, the protein level of Hos2 in Hos2 SPGs is fairly stable throughout the first few weeks of the stationary phase ( Figure 10; unpublished data) . By contrast, a majority of ribosomal subunits that do not form cytoplasmic assemblies during stationary phase are degraded by autophagy upon nutrient deprivation (Kraft et al., 2008) . Markedly, Hos2-GFP and Yca1-GFP water was added regularly to compensate for loss from evaporation. For recovery, stationary-phase cells were collected by centrifugation, washed twice with 1× PBS buffer, and resuspended in YPD, 2× CSM, or 2× CSM supplemented with 5% YPD. Cycloheximide (Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 100 μg/ml to inhibit protein synthesis when needed.
Microscopy
Yeast cells grown to different phases were harvested by centrifugation at 12,000 × g and resuspended in 1× PBS buffer or CSM medium (for log-phase cells only). The incubation of cells in 1× PBS buffer did not influence the localization patterns of GFP fusion proteins for as long as 7 h. For calcofluor staining of cell walls, an aliquot of a stock solution (20 mg/ml) of calcofluor white (Sigma-Aldrich) was added to the cell suspensions to a final concentration of 200 μg/ml; this was followed by incubation for 5 min at room temperature. Cells were then washed twice with 1× PBS buffer or CSM medium. For staining of DNA, live or fixed cells were incubated with Hoechst 33258 (0.5 μg/ml; Invitrogen, Carlsbad, CA) in distilled water for 10 min at room temperature and then washed twice. For actin body staining, cells were first fixed directly in the growth medium by incubation with 0.025% glutaraldehyde for 3 min, washed three times with 1× PBS buffer, resuspended in 1× PBS buffer, further fixed by incubation with 4% paraformaldehyde for 30 min, washed three times with 1× PBS buffer, resuspended in 1× PBS buffer, and incubated for 60 min with 0.5 U of Texas Red-X phalloidin (Invitrogen). Subsequently, cells were washed five times with 1× PBS buffer.
For live-cell imaging, yeast cells were spotted onto an agarose pad and immediately imaged at 28°C. For time-lapse studies, logor stationary-phase cells were harvested by centrifugation, washed twice with 1× PBS buffer, resuspended in 200 μl 1× PBS buffer, and then added to an Attofluor cell chamber (Invitrogen) or a 4-well Lab-Tek chambered coverglass (Thermo Fisher Scientific, Rochester, NY). The cells were immobilized on concanavalin A-coated coverslips by incubating them for 5-10 min. Unattached cells were gently washed off with 1× PBS buffer. The immobilized cells were cultivated in the chamber with prewarmed medium and observed immediately. To distinguish between original stationary-phase cells and newly emerged buds, stationary-phase cells were first labeled using NHS-Rhodamine (Sigma-Aldrich) before being resuspended in fresh media.
Cells were observed using a DeltaVision platform (Applied Precision, Issaquah, WA) with an Olympus IX70 wide-field microscope equipped with a 100×, 1.4 numerical aperture Plan-Apochromat objective and a Coolsnap HQ camera or a Cascade II 512 electronmultiplying charge-coupled device camera (Photometrics, Tucson, AZ). To optimize the accuracy of protein colocalization, each Z-stack was acquired with mCherry signals immediately followed by GFP signals. The gain was 510, and binning was 1 × 1. All cells were imaged at 28°C. The same exposure time was used for both GFP and mCherry fusion proteins. Cells were optically sectioned into multiple slices with a spacing of 160-200 nm (the focus step size was 300-400 nm for long-term, time-lapse experiments), and captured images were deconvolved using the DeltaVision softWoRx 3.7.1 restoration system.
Image analysis
Unless otherwise specified, images are maximal projections of Zstacks. However, for quantification of signal intensities, sum projections of Z-stacks were used. Intensity was measured using ImageJ (http://rsbweb.nih.gov/ij), and the background intensity was subtracted. When counting the number of protein foci, we examined at least 100 cells from three independent experiments by inspecting Z-sections of each cell and further confirmed using three-dimensional signals are principally enriched in vacuoles in hsp42∆ cells when they fail to form SPGs (Figures 9B and 7B) .
Formation of Hos2 SPGs may also remove proteins from their original locations. The Tup1-Ssn6 corepressor, a Hos2-interacting complex, has been shown to repress the expression of a diverse set of genes, including 10% of the genes that are induced by at least twofold after the diauxic shift (DeRisi et al., 1997; Davie et al., 2003) . It is possible that the Hos2 in Hos2 SPGs sequesters the Tup1-Ssn6 complex from the nucleus and thus derepresses the stationaryphase genes.
Alternatively, relocalization of proteins into Hos2 SPGs may be linked to the regulation of stress responses. The formation of Hos2 SPGs vastly increases the local concentration of proteins and provides a compartment in which they are in proximity to substrates, which may coordinate and facilitate biochemical reactions when metabolites become limited and the cell interior becomes more crowded. Yca1 has been suggested as playing a role in protein quality control. Deletion of YCA1 results in an increased level of protein aggregation and autophagic bodies (Lee et al., 2010) . Stress granules are also involved in monitoring mRNA quality and translation. It is possible that the Hos2 SPG functions as a quality control center that can determine which proteins or RNAs need to be degraded, repaired, or stored in quiescent cells. Although different quality control pathways already exist in log-phase cells, it is more critical to coordinate these pathways when cells face harsh conditions.
Posttranslational modification of colocalized components in Hos2 SPGs provides an economical, rapid, and reversible means to adjust protein function during stress. A previous study showed that a cytoplasmic deacetylase, HDAC6, functions in coordinating other stress granule components during granule formation. Impairing the activities of HDAC6 abolishes stress granule formation (Kwon et al., 2007) . Although deletion of HOS2 shows no obvious effects on the formation of Hsp42 SPGs or stationary-phase stress granules, these results do not rule out the possibility that Hos2 and Hst2 have some regulatory roles in the structure or dynamics of these granules. This will be a critical area for future studies.
The widespread reorganization of nuclear and cytoplasmic proteins into reversible assemblies indicates that it is a universal mechanism for coping with starvation. This phenomenon further strengthens the idea that quiescent cells are exquisitely organized and dynamic, rather than homogeneous and static. Protein deacetylases have been shown to play an important role in regulating various biological pathways (Mellert and McMahon, 2009; Imai and Guarente, 2010; Guan and Xiong, 2011) . Our results provide evidence that localization of protein deacetylases, such as Hos2 and Hst2, is highly regulated and may contribute to specific regulation in quiescent cells. By further dissecting the functions of Hos2 SPGs and protein deacetylase activities in quiescent cells, we may be able to uncover innovative pathways that cells use to fight chronological aging.
MATERIALS AND METHODS
Yeast strains and growth conditions
All Saccharomyces cerevisiae haploid strains used in this study are listed in Table S2 . C-terminally GFP-or mCherry-tagged strains were obtained either from a chromosomal GFP-tagged library (Huh et al., 2003) or constructed. The GFP or mCherry tags were inserted in-frame at the C-terminus of the coding region of a gene, as described previously (Howson et al., 2005) , and constructs were verified by PCR. All fusion proteins were expressed under their endogenous promoters.
Cells were cultured at 28°C with aeration in liquid YPD or CSM media for 2.5-3 h (log phase), 24 h (diauxic shift), or 1-4 wk (stationary phase) before being examined by microscopy. Distilled projections. To analyze and quantify the intensities and spatial distributions of GFP and mCherry signals, we used ImageJ and the three-dimensional graph function of softWoRx 3.7.1. For quantifying colocalization, we used JACoP (Bolte and Cordelieres, 2006 ) as a plug-in for ImageJ. Cell Counter (http://rsbweb.nih.gov/ij/plugins/ cell-counter.html) was also used as a plug-in for ImageJ to count and categorize assemblies and cells.
Measurement of the rebudding ability and the first rebudding time of stationary-phase cells Stationary-phase cell cultures were diluted 50-fold in YPD, and 2 μl of diluted culture was spotted onto YPD agarose (2%) pads. The cells on the YPD agarose pads were then placed into a sealed humidity chamber to avoid shrinkage of the pads and were subsequently observed by microscopy. The humidity chamber was made from a plastic Petri dish in which the center part of the lid was removed and replaced with a glass coverslip (24 × 60 mm). Time-lapse movies were taken, and the subsequent image analysis was done using Im-ageJ. In this experiment, we observed that most cells that failed to rebud in the first 6 h after refeeding of nutrients would not rebud at a later time point. Thus, for measuring cell viability, only cells that rebudded within 6 h following nutrient replenishment were counted as viable. We also found that counting rebudding cells by microscopy is a more reliable method for cell viability, as some yeast strains formed cell aggregates in stationary phase, which would skew measurements when the colony-forming assay was performed. At least 100 cells from three independent experiments were counted. The time point at which each viable cell started to rebud was recorded. Data from three independent biological repeats were pooled and used for the histograms. At least 200 cells were counted in each sample, except for the hos2 deletion strain in week 4 (n = 84).
Immunoblot analysis
Yeast cells were cultured in YPD medium at 28°C for 4 wk. Cells were collected at different time points and lysed for extraction of proteins under alkaline conditions (Kushnirov, 2000) . About 6.2 × 10 7 yeast cells were harvested by centrifugation, washed, treated with NaOH for 5 min at room temperature, and boiled in 1 ml of SDS loading buffer for 3 min. Protein lysate was centrifuged at 10,000 × g for 5 min, and 5 μl of the supernatant was loaded per lane. SDS-PAGE was performed according to a standard protocol (Laemmli, 1970) . Immunoblotting with anti-hemagglutinin (anti-HA; Covance, Princeton, NJ) and anti-glucose-6-phosphate dehydrogenase (anti-G6PDH; Sigma) was performed according to the recommended protocols from the manufacturers.
